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Science	Focus	(1	of	2)
Exoplanetary	Systems

• How	do	planetary	systems	form	and	evolve?
• How	can	we	recognize	life	on	planets	outside	the	

Solar	System?
• Is	there	life	elsewhere	in	the	Universe?

Long	wavelength	(	l>visible	)	Astronomy	&	Cosmology
• How	did	the	Universe	form	and	evolve?

• What	are	the	characteristics	of	dark	matter	and	dark	energy?
• How	is	matter	of	all	kinds	distributed	throughout	the	Universe?
• What	can	the	polarization	of	the	cosmic	microwave	background	reveal	

about	the	physics	of	inflation?
• How	do	stars	form?
• How	did	galaxies	and	clusters	of	galaxies	form	and	evolve?
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Science	Focus	(2	of	2)
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• Gravitational	Waves
• Use	gravitational	waves	to	study	matter	and	energy	in	

extreme	environments	that	have	never	before	been	
observable.	Opening	a	“new	window”	on	the	universe	
and	asking	what	do	we	see?
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NuSTAR 2012

Current	Missions	and	Instruments	
in	Operation

Two Voyagers	1977

Spitzer	2003

Wise	2009
(Restarted	for	NEOWISE	2013)

HAWC+	on	SOFIA	
2016
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CAL			2018

Kepler/K2	2009
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WFIRST	Coronagraph	Instrument	(CGI)
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Critical	Technology	demonstration	
for	the	Future	exo-earth	missions:
• First	in-space	demonstration	of	

active	wavefront sensing	and	
control	to	10’s	of	pms using	
deformable	mirrors	(DM).

• First	in-space	use	of	ultra-low	
noise	photon	counting	detectors	
to	image	exoplanets.	

WFIRST	Coronagraph	Instrument	
(CGI) capabilities:
• A	quantum	leap	(x	103)	compared	

to	space	(HST/	JWST)	and	ground	
state-of-the	art	(GPI/	SPHERE)

• Able	to	image	exoplanets	that	are	
1	billion	times	fainter	than	the	
host	stars

• Available	to	support	proposed	GO	
programs.

Xinetics 48	x	48	DM	used	
in	JPL’s	HCIT

E2V	EMCCD	used	in	
photon	counting	mode

HLC	mask	image	with	an	
atomic	force	microscope

Fast-steering	mirror	
(FSM)

Pre-Decisional	Information	-- For	Planning	and	Discussion	Purposes	Only
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Astro2020	Large	Mission	Studies

EXPLORING PLANETARY SYSTEMS AROUND NEARBY SUNLIKE STARS
AND ENABLING OBSERVATORY SCIENCE FROM THE UV THROUGH NEAR-IR

To seek out nearby worlds and explore 
their habitability, HabEx will search for habitable 

zone Ear th-like planets around sunlike stars using 

direct imaging and will spectrally characterize promising 

candidates for signs of habitability and life.

To map out nearby planetary systems and 
understand the diversity of the worlds they 
contain, HabEx will take the first “family portraits” of 

nearby planetary systems, detecting and characterizing 

both inner and outer planets, as well as searching for 

dust and debris disks.

To carry out observations that open up 
new windows on the universe from the UV 
through near-IR,  HabEx will have a community 

driven, competed Guest Observer program to undertake 

revolutionary science with a large-aperture, ultra-stable 

UV through near-IR space telescope.

The HabEx design  relies on demonstrated, yet cutting edge, technologies wherever possible, which enables  
world-leading science in the 2030s while limiting risk and cost.

GOAL 1

GOAL 2

GOAL 3

HABEX:
4	m	telescope

Starshade +	Coronagraph
for	habitable	exoplanets	&	

general	science

LUVOIR:	9-15	m	general	
observatory	also	with

exoplanet	direct	imaging	with
coronagraph

Origins	Space	
Telescope:	9	m	
telescope	@	4K	
temperature

Lynx:	high	energy	X-
ray	observatory
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Astrophysics	Probe	Concepts	May	
Create	a	New	Opportunity

JPL/Caltech Proprietary, for JPL internal release only by Cosmic Dawn 
Intensity Mapper team, JPL customer team lead Stephen Unwin

Spacecraft Design
Mechanical & Configuration

Optics Assembly

Radiator Assembly

Spacecraft Bus

Ù Optics located in separate 
housing
y Mounted to bus via hexapod 

support structure
y Angled enclosure panels can 

be used as additional radiative 
surfaces

Ù Bus/radiators act as 
sunshade

Solar panels and 
other bus structure 
not considered in 
this report.

43

5	of	10	studies	are	working	with	JPL

Starshade Rendezvous	Probe	could	be	the	first	in	a	new	mission	line

Earthfinder PRV
PI:	Peter	Plavchan

Starshade Rendezvous
PI:	Sara	Seager &	Jeremy	Kasdin PICO	– Inflation	Probe

PI:	Shaul Hanany

Cosmic	Dawn	
Intensity	Mapper
PI:	Asantha Cooray

Galaxy	Evolution	Probe
PI:	Jason	Glenn
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Ground	Based	Activities- Incubators	for	Flight	
Instruments	
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Vector	Vortex	Coronagraph	&	Keck	Cosmic	Wave	
Imager	(KCWI)

P1640	Calibrator	&	Coronagraph	at	Palomar

Thirty	Meter	TelescopeSubaru	Telescope	Prime	
Focus	Spectrograph
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NASA Exoplanet Exploration Program

Space Missions and Mission Studies

Supporting Research & Technology

Key 
Sustaining 
Research

Large Binocular 
Telescope Interferometer

Keck Single 
Aperture

Imaging & RV High-Contrast Imaging

Technology Development

Deployable Starshades

Archives, Tools, Sagan Fellowships, 
Professional Engagement

Occulting 
Masks

NASA Exoplanet Science Institute

NN-EXPLORE

Communications
Kepler & K2

Starshade Coronagraph
Probe-Scale Studies

Deformable Mirrors
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Our focus has been on future missions and precursor observations
Technology Development
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• Focus	on	future	missions	and	precursor	
observations
• Gravitational	Waves

• Microthrusters
• Phasemeters

• Exoplanets
• Starshades,	coronagraphs
• PRV	measurements

• Astrophysics
• Detector	Technologies
• UV	detectors	and	coatings



11

Gravitational	Waves-Microthrusters

Colloid	Electrospray	Thruster	(Busek Co,	Inc)
Cluster	of	four	Colloidal	
thrusters	during	testing	at	JPL One	of	two	Clusters	mounted	on	the	LISA	Pathfinder	spacecraft	at	Airbus,	UK

• ST-7	demonstrated	drag-free	spacecraft	
attitude	and	position	control	with	precision	
and	low-noise	electrospray	thrusters	and	
control	algorithms	for	a	gravitational	wave	
observatory.

• ST-7/DRS	met	all	L1	mission	requirements.

• At	maximum	thrust,	ST7	can	offset	the	mass	
equivalent	to	a	mosquito	sitting	atop	the	
spacecraft	in	increments	of	100	nN.

Signal	injection	at	
23	mHz	is	used	to	
calibrate	thrust

Amplitude	spectral	density	of	average	thrust	noise	on	
the	spacecraft	with	requirement	in	red.	

75	µm
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Exoplanet	Technologies
• Starshade development	

• Goal	of	TRL	5	by	2021

• Coronagraph	Development

• Precision	Radial	Velocity	Measurements
• Palomar	Radial	Velocity	Instrument	(PARVI)

© 2018 California Institute of Technology. Government sponsorship acknowledged. 7/27/20
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Detector		Technologies
• mm,	sub-mm	direct	detectors

• TES	bolometers	for	CMB
• TES	&	MKID	Spectrometers
• Photon	counting	QCD	bolometers

© 2018 California Institute of Technology. Government sponsorship acknowledged. 7/27/20
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SuperSpec Design and Device Testing 
Jordan Wheeler1 S. Hailey-Dunsheath2, E. Shirokoff3, P. Barry4, C. M. Bradford2,5, S. 

Chapman6, J. Glenn1, M. Hollister2, A. Kovacs2, H. G. LeDuc5, P. Mauskopf7, R. 
McGeehan3, C. McKenney8, R. O'Brient2, S. Padin2, T. Reck5, C. Shiu2,C. Tucker4, R. 

Williamson5, J. Zmuidzinas2,5 
1University of Colorado, 2California Institute of Technology, 3University of Chicago, 

4Cardiff University, 5Jet Propulsion Laboratory, 6Dalhousie University, 7Arizona State 
University, 8National Institute of Standards and Technology 

mm-Wave Frequency TargetingIntroduction

TC Measurements

Hailey-Dunsheath, S., Shirokoff, E., Barry, P. S., et al. 2016, Journal of 
Low Temperature Physics, 184, 180

Thermal G-R Noise

References

SuperSpec is a new spectrometer-on-a-chip technology for 
submm/mm-wave spectroscopy. SuperSpec stands out from 
other submm spectrometers in that the detectors are 
coupled to a series of resonant filters along a single 
microwave feedline instead of using dispersive optics. 
SuperSpec makes use of kinetic inductance detectors 
(KIDs) to detect radiation in this filter bank. For additional 
information see Steve Hailey-Dunsheath’s talk (9914-63, 
Session 13) on Friday and George Che’s poster (9914-102).

Each spectrometer will require hundreds of detectors. If our 
resonators exhibit too much scatter from their targeted 
values, we will have collisions between resonators resulting 
in unusable channels. We measure a σ = 0.2% random 
scatter which indicates ~0.5% collisions for a full N=280 
detector device with Qr = 105 when using one octave of 
readout bandwidth. 

For the mm-wave resonant filters we want minimal 
frequency scatter so that channels do not overlap reducing 
S/N or spread apart opening gaps in our spectral coverage. 
We find a scatter in the mm-wave resonant filters of only 
0.04%, much less than the channel width.  

For each test device, we obtain TC by measuring the 
fractional frequency shift of resonators as a function of array 
temperature. This data shows how TC varies over the length 
of the chip. Understanding this variation allows us to design 
the filter bank such that change in resonator frequency due 
to variations in TC has minimal impact. 

1.  100% yield on 51 channel filter bank.
2.  Resonator readout frequency scatter will 

produce minimal collisions when scaled up to a 
full filter bank.

3.  The mm-wave resonant filter scatter is much 
less than filter linewidth.

4.  We can carefully track the variation of TC over 
the spectrometer chip. 

5.  We see evidence for generation-recombination 
noise in SuperSpec detectors.

6.  We expect NEPs of 7x10-18 for TC = 1.2K devices 
achieving near background limited performance 
at R=400 and meeting the R=100 requirement. 

Jordan Wheeler 
Wheeler1711@gmail.com  

Fig 1: SuperSpec test device. (A) A mask with dual-slot antenna and lens footprint at the 
top, and feedline running vertically past an array of filters. (B) A single millimeter-wave filter 
and KID. (C) The millimeter-wave resonator and inductor meander at the top of the KID. (D) 
The lower portion of the large IDC, coupling capacitor, and readout CPW. (E) Cross-section 
showing the device layers. Figure from (Hailey-Dunsheath et. al 2016). 

Fig 2: Optical profiles of the most recent SuperSpec device, a 51 channel filter bank with 
100% yield. The black line shows a broadband channel at the end of the filter bank divided 
by a broadband channel at the front, approximating a S21 measurement. The colored 
profiles show the approximate response of each resonator filter. They have been 
normalized by the broadband channel at the front of the filter bank to remove the system’s 
transfer function.  

Resonator Frequency Targeting

Summary

Fig 3: (A) Designed resonator frequency versus measured resonator frequency (colored 
circles) with a fit (black line). (B) Residuals of the fit.  

Fig 5: TC as a function of chip position for two devices. (A) A previous device that was optically 
dark due to a lithography error. (B) Most recent optically active device that had an abnormally 
high TC. 

We see evidence for G-R noise in our dark devices. G-R 
noise can be described by the following equation

For TiN KIDs, unlike Al KIDs, we make the ansatz that τqp is 
constant with temperature and thus G-R noise grows with 
temperature. 

Fig 6: (A) Shows how the noise PSD varies with increasing array temperature. (B) The 
prediction of G-R noise as a function of array temperature for several constant τqp values 
along with the best fit value. The lower temperature points dictate a fit to nqp-min = 1800 µm-3 . 
However the value of nqp-min  has little effect on the best fit τqp value. We assume N0 = 4x1010 
eV-1µm-3, and TC derived as above. 

We can obtain the responsivity R from the slope of the 
photon noise as a function of loading when excited by a 
coherent local oscillator source using the equation below 
(Hailey-Dunsheath et. al 2016).

The most recent device had a higher TC, 1.85 K, than our 
previous devices, 1.2 K, producing a decreased 
responsivity 1.7x108 W-1 versus 9.7x108 W-1 (Hailey-
Dunsheath et. al 2016). Assuming the past responsivity value 
and the median noise level for the previous TC =1.2 K 
optically dark device, Sxx = 5x10-17 Hz-1, yields a median 
NEP 7x10-18 W/Hz0.5 which is close to the background 
limited performance for a ground based R=400 
spectrometer (6x10-18 W/Hz0.5) and below the R=100 level 
(1.3x10-17 W/Hz0.5).

Fig 4: (A) Designed mm-wave resonant filter frequencies versus measured mm-wave 
resonant filter frequencies (circles) with a fit (black line). (B) Residuals of the fit.  

SXX
GR = 4Nqpτ qp

dx
dNqp
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Noise Equivalent Power

Fig 7: (A) Photon noise from a coherent local oscillator source as a function of loading. (B) 
Typical noise PSDs for SuperSpec detectors. 
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Detector		Technologies
• Heterodyne	detectors	for	spectroscopy- 1.9	THz	HEB	Array	

© 2018 California Institute of Technology. Government sponsorship acknowledged. 7/27/20

4.7 THz array mixer block

1.9 THz array mixer block

37x20 µm




